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Dark Matter
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4Astrophysical Observations of Dark Matter

Rotation Curves of Galaxies

Dark Matter Ring

Large Scale Structure

Galaxy Cluster Bullet Cluster

CMB
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5The Universe is Dark

• We know the Dark Matter is 
    stable / non-baryonic / non-relativistic /
    interacts gravitationally  

• We don’t know what it actually is 
     mass / coupling / spin / composition /
     distribution in the Universe … 

•  Cosmology suggests to probe EW scale 
ΩDM ~ <σAv>−1

σΑ = α2/M2
EW

• SUSY model provides electroweak scale
   stable neutral particle

• However the Dark Matter is not  
   necessarily a SUSY particle. 

Dark Energy : 73%
Dark Matter : 23%
Matter          :  4%
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6Big Picture : World Map of Dark Matter
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7Dark Matter Halo in Our Galaxy

200 kpc

Invisible Component
~85% of mass

We are here
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8Direct Detection of Dark Matter

 Michael Attisha

WIMPs (Weakly Interacting Massive Particles)
coherent scatter from the entire nucleus
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Al

Transition 
Edge 
Sensor

Ge or Si

Quasiparticle
diffusion

phonons

1 µ tungsten

380µ x 60µ aluminum fins

Electro Thermal 
Feedback

R

T
Tc~80mK

~10mK

CDMS Detector
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10CDMS Detector Readout

Phonon sensor
Recoil energy

A

CB

D
Phonon signal
from a quadrant

Charge sensor
Ionization energy

Charge signal

from inner electrode 

E = 3V/cm
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Yield = E(ionization) / E(recoil)

Photons

Neutrons

CDMS Five Tower Operation

Electrons

30 detectors (6 detectors / tower)
4.75 kg Ge, 1.1 kg Si

~612 kg-day raw exposure
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12CDMS Dark Matter Search Result (Dec 2009)

New CDMS Limit (@70GeV)
σ = 3.8 × 10-44cm2 (90%CL)

Background Estimations

0.8±0.1(stat.)±0.2(sys.) surface events  

0.04         cosmogenic neutrons 

0.04 - 0.06 radiogenic neutrons

+ 0.04       
- 0.03

194.1 kg-days net exposure after cuts
In the presence of 2 events

(no background subtraction)
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?



Jonghee Yoo (Fermilab)

14

Axions
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15Axion Detection Principle

Laser Magnet PMT

GammeV@FNAL(2007)
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16Axion Detection Principle

Laser Magnet PMT

GammeV@FNAL
PRL100,080402(2008)
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17Solar Axion Detection Principle

Photons
In the Sun      Coulomb Field

X-ray detector

The Sun
The Earth

a
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18Solar Axion : gaγγ  coupling

€ 

gaγγ =10−8GeV −1
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19Axion-photon conversion : Primakoff effect 

€ 

gaγγ =10−8GeV−1,  k ≈ keV, q ≈ keV, Z ≈100

€ 

σ ≈10−43cm2 !! 
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20Crystal and Bragg Scattering

Coherent scattering of an axion in crystal planes

Bragg condition
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21Directions in the mine

MINOS
CDMS

710m (2090mwe)

Surface

Latitude : 47.815°N
Longitude : -92.237°E

NuMI beam 
From Fermilab

0.165° East from 
the geodesic North

C
D

M
S

• Amazing collaboration among the CDMS, NuMI/MINOS and old mine crews
• FNAL Alignment Group measured the geodesic north in the Soudan mine (1999)
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22Direction of the crystal plane

• Overall error in the direction measurement : 3 degree
• Germanium crystal structure : Face-Centered-Cubic (fcc)

North
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23Expected Solar Axion Event Rate
Very detailed calculations are involved
• Seasonal variation of the solar flux 
• The height of the Sun changes in seasons
• Detector energy resolutions
• Systematic uncertainty of the detector direction
• Detector livetime information
    R123 :2006.10.21~2007.3.21, R124:2007.4.20~2007.7.16

200 CPUs x 2 weeks
@FermiGrid
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24Expected Solar Axion Event Rate
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25CDMS Low Energy Gammas 

€ 

R(E,t,d) = λA(E,t,d) + B(E,d),
   λ = [gaγγ /(10−8GeV−1)]2

B(E,d) = ε(E,d)[α(d) +β(d)E + γ(d) /E]

RT = dEdtR(E,t,d;λ,α(d),β(d),γ(d))∫
d
∑

log(L) = −RT + log(R(Ei,t i,di))
i
∑

Unbinned Likelihood Fit
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26The First Solar Axion Limit from CDMS
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27PRL Cover and FermiToday
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282010 APS Calendar
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Future
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30Axions : “Invented to save QCD”
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31Key to Future Solar Axion Searches 

 Solar ν limit  

• It’s not quite about the detector volume 
• It’s more seriously about the backgrounds!

€ 

gaγγ ∝[MT]
−1/ 8

Solar Axion search
current limit 
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32Dark Matter Search

• Most models are at  σ > 10-47cm2

• The goal for the major Dark Matter experiments:
          nuclear recoil background level should be controlled 
       less than ~10-7 dru (= counts/day/kg/keV)
          Current CDMS nuclear recoil background level (world best) : ~10-4 dru 
• 103 times better background control required !
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Phonons
~100 meV/ph

 Ionization
~10 eV/el

Scintillation
~100 eV/γ

Solid Xenon 
Why Xenon ?

• No long-lived Xe radio isotope (no intrinsic background)
• High yield of scintillation light 
• Scintillation wavelength : 175nm (optically transparent)
• Relatively high melting point : Tm = 161K
• Simple crystal structure : fcc (same as Ge)
• Easy purification (distillation, etc)
• Self shielding : Z=54

Why Solid ?

•  For solar axion search, being a crystal is crucial (Bragg scattering)

•  Superb low noise superconducting sensors are running at low temperature (mK ~ K)

•  Phonon read out : largest number of quanta (~10,000 phonons / keV)
         - In principle best energy resolution can be achieved in phonon channel
         - Luke-phonon readout will provide ionization energy and position information

•  Even more scintillation light (61 γ/ keV) than LXe (42 γ/ keV)

•  Drifting electrons faster in the crystal

•  No further background contamination through circulation loop (no convection mix)
•  Optimal detector design for low background experiment
         - Possible container free design 
         - No outgassing issue
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34Xenon Properties 

ΔT = 4K

Compact

More electrons / keV ?

Faster electron drift ?

Slow hole drift 
Single directional Luke-phonon?

or less ?

Index of refraction?, diffusion coefficient?, specific heat?, dielectric constant in solid? ,… 
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35Science

Full of science topics 

• Strong motivation to initiate R&D project

• But it does not necessarily mean we can initiate real science experiment

• We need proven technology in order to achieve immediate science goal

(1) Solar axion search 
         - scintillation / (ionization)

(2) Dark matter search
         - scintillation / ionization / (phonon)

(3) Neutrinoless double beta decay (0v2b) : 136Xe enriched 
         - scintillation / ionization / phonon 

(4) pp-Solar neutrino measurement : 136Xe depleted 
         - Neutrino Oscillation / pp-Solar ν flux measure 
(5) Supernova detection
(6) Neutrino coherent scattering
(7) Medical usage (MRI/NMR) : Hyperpolarized 131Xe
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36Short History of Solid Xenon (Argon) 

 

2004@Syracuse
A student grew 
large Xenon crystals
everyday without any 
problem for medical
research

1994@FNAL
Solid Argon detector
wasn’t successful
 

2004@TAMU
Ionization readout
from Solid Ar (not Xe).
Failed to grow large  
crystals

1999@Japan
Successful contact of 
thin Solid Xenon to 
an ionization sensor 
using carbon graphite 
film

2008@FNAL
Solid Xenon Project
initiated



Jonghee Yoo (Fermilab)

37Solid Xenon in Japan 1999 

Tsukuba@Japan 2008 Oct.
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Kramer 1976 : Epitaxial growth of xenon crystal on Carbon-graphite film

Epitaxial growth of Xenon Crystal 



Jonghee Yoo (Fermilab)

39TAMU Solid Argon/Xenon chamber 
Failed to Grow Xenon Crystal

Small scale Ar crystal grow  
& readout ionization signal

May 2008 @TAMU
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40Syracuse Cryobath Design 

Pyrex vessel
with silver coating

Inner Pyrex ample
with heat coil  

The purpose of the bath was 
to grow hyperpolarized Xe crystal for 
medical usage (MRI/NMR)

Pros
The cryobath has been used for years 
to grow Xe crystal
Most parts are commercially 
available 

Cons
U.Syracuse decided to use the
cryobath for cold fusion study

D. Balakishieva

Stepwise approach was suggested by 
FCPA review committee (May 2008)

Does this setup satisfy 
Fermilab Safety Regulations?



Jonghee Yoo (Fermilab)

41

Solid Xenon R&D Phase-1 
- Grow Xenon Crystal -
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42Fermilab Solid Xenon Phase-1 : grow crystal

● Fermilab PPD/FCPA R&D project
● Collaboration with U.Florida and TAMU
● Support by Fermilab technical/engineering staffs 
● Very strong support by Fermilab safety committee 
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43Glass Chambers and Vacuum Jacket
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44Glass Chambers and Vacuum Jacket
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45Backup Chambers and Manifolds
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46Solid Xenon DAQ
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47Solid Xenon DAQ
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48Solid Xenon DAQ
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49Solid Xenon Setup : Lab-F
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50Xenon Phase Diagram

Gas

Liquid
Solid
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51Cryobath : Liquid Nitrogen

Liquid Nitrogen
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52Frozen Xenon

Frozen Xenon
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53The First Xenon Crystal at Fermilab

Liquid Xe

Solid Xe
start growing!
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54The First Xenon Crystal at Fermilab

Liquid Xe

Solid Xe

Gas Xe
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55Triple Phase : How do we know ?
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56Need a quiet cooling system
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57Temperature & Pressure Control are the keys
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58Effective Phase Separator
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59Effective Phase Separator
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60Prescription
Liquid Xenon

Solid Xenon (~850g)

• Faster growth induces optical defects in the bulk 

• Vibration free configuration is necessary 
   - Cryocooler may not be a good choice
   - Pulse tube refrigerator is worth to try 

• Full automatic control system of temperature 
      and pressure is necessary to grow a larger crystal

• Transparency has to be quantitatively measured
      using calibrated light source system in the future

• Top T : 160 ± 0.5K
• Bottom T : 145 ± 0.5K
• Xenon gas pressure : 1.0 ± 0.1 atm
• Patience : 3cm growth / 10 hours

We tried only one method yet, but there are many 
other ways to produce crystals; vapor deposition, 
flash freezing, cryobath method etc

Prescription within Fermilab Safety regulation
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61What’s Next ?

Phase 3: Ionization readout and study crystal characteristics (plan) 
 Solid Xenon properties (Spectromag - already obtained)
   - Transparencies, absorption, index of refraction …
          - Lower temperature characteristics (~4K)
 Ionization readout
   - Ionization readout by drifting electrons (grid mash)
 Demonstrate large solid xenon crystal growth ( >10 kg)
          - Make a full prescription for growing large solid xenon
 Design 10 kg phase prototype detector 

Phase 1: Growing Solid Xenon ~kg size
           - Completed (@Lab-F)!
           - PPD/FCPA management approved to move the Phase-1 setup to PAB (for phase-2)

Phase 2: Scintillation light readout (6 months schedule)
           - Full automatic controller setup for crystal growth (pressure & temperature control)
           - Xenon purification system and mass spectroscopy 
           - Scintillation light measurement from the solid xenon (compare with liquid phase one)
           - Temperature dependence of scintillation light emission
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62Pre-Phase-2: Moving to PAB (Completed)

C. Kendziora
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63Pre-Phase-2: Improving system

C. Kendziora
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Solid Xenon R&D Phase-2 
- Readout Scintillation Light -
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65Phase-2: Scintillation light readout
 Conceptual chamber design for Phase-2 R&D

SXe

LXe
PMT

Preliminary

Source@bottom 

Avoid total reflection in the SXe

HV, signal and thermometer feedthroughs

LN level control sensor feedthrough
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66Phase-2: Engineering drawing started

Preliminary
by H. Cease
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67Solid Xenon - Additional Tubing
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68Solid Xenon - Additional Tubing

Getter Mass
Spectroscopy

LN Autofill
system

LN Level sensor

8 heater wires and 8 thermometers
PLC temperature control

PLC 
Pressure control

2nd 
cold trap

Centralized Programmable Logic Controller will operate the system
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69Phase-2: Autofill LN2 System
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70Phase-2: Xenon purification system

 MonoTorr PS4-MT3-R-1 (SAES)
• Heated Getter purifier for Xenon Gas
• Continuous operation, non-consumable 
• Removes H2O, O2, CO, CO2, H2 and CH4 to < 1ppb per impurity
• Replacement cartridge
• Max flow rate 50 slpm
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71Phase-2: Scintillation light readout (plan)
 Hamamatsu R9869
• Spectral Response 169 ~ 650 nm
• Operating ambient temperature : 163K ~ 323K
• Bialkali photocathode
• Quantum Efficiency at 175nm : 20%
• Gain : 106

• Anode pulse rise time : 2.3 nsec
• Synthetic silica glass window 
• Metal channel Dynode (12 stage)
• Weight : 95g
• 1 KV supply voltage, 0.1mA anode current
• Pressure resistance : 5 atm 
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72Phase-2: Scintillation light readout (plan)

 PrismaPlus (PFEIFFER)
• Compact Mass Spectrometer
• Mass range : 1~200 amu
• Residual gas analysis -- leak detection 
• Quadrupole controller 



Jonghee Yoo (Fermilab)

73Equipments that we already have

Almost all parts from Phase-1 will be used
• Pressure chambers and xenon backup chambers : $40,000  
• Turbo pump system : ($30,000 from CDMS) 
• Oil-free leak detector : ($40,000 from PAB)
• Manifolds for gas handling (need modification): $20,000
• Glass chambers : $5,000 
• Xenon gas (1200L) : 200L ($4,000) Fermi Xenon, 1000L($3,000) U.Florida Xenon  

Additional parts obtained or borrowed for Phase-2
• Diaphragm micro pumps : ($10,000 from KTeV TRD system)
• Oscilloscopes : ($20,000 from MINOS and Meason Beam)
• Turbo and roughing pumps : ($50,000 from CDMS/PAB)
• Edge welded bellows : ($10,000 from Accelerator Division)
• DAQ system + computer : (from Fermi Preb)
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74Cost Estimation for Phase-2

Parts for Phase-2 (scintillation readout) 
• Automatic controller (pressures and temperatures; PLC and modules): $12,000
• Mass spectroscopy(PrismaPlus PFEIFFER 0~200AMU): $14,000
• Xenon purification system(SAES MonoTorr PS4-MT3-R-1 and cartridge): $13,000
• PMTs (Hamamatsu R9869 or R11410): $10,000 ($5,000 x 2)
• Inner glass chambers and supporting structure (Custom made): $6,000
• New top flange and piping/tubing: $6,000
• Operational cost : $5,000

Total cost for parts : $66,000  (+30% contingency)

Additional Parts for electron drift (not in the current proposal)

• Additional PMT : $5,000
• Grid mash structure + supporting structure + HV electronics : $15,000
• Electron purity monitor : $6,000 (ArTPC group is currently making this) 
• Additional tubing and piping : $5,000
• Operational cost : $5,000

Additional total for electron drift : $36,000
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75Phase-2: Manpower

Collaboration

Jonghee Yoo, Tarek Saab, Durdana Balakishieva, Rupak Mahapatra, Jimmy Erikson 

Technical & Engineering support (request)

PLC hardware and Soft ware: Rich Schimitt and PPD control team (3 man weeks)
Cryogenics system engineering: Herman Cease (3 hours/week)
PMT and DAQ: Sten Hansen and his team (2 man weeks)
ODH analysis at PAB: Terry Tope (half day)
Overall Technical support: Carry Kenziora, Bill Miner, Kelly Hardin(PAB)

Additional support: Kourosh Taheri, John Voirin(Lab-F), Lenny Harbacek(Welding)
 

Safety support
Operational Review Chair: Leo Bellantoni

Safety Review: Philip Pfund, Brian Degraff, Dave Pushka, Tom Page
Radiation Safety: Kathy J Graden
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2010 February March April May June July

Engineering 
Design

Safety Review

& ORC

Purchase parts

and build system

Operation

Mile Stones (given that the safety review is done on time)  
  2010 July ~ August: Physics goal of the 2nd phase

(1) Automate xenon crystal growth  
(2) Demonstration of scintillation light readout from solid xenon
(3) Compare light yield between liquid xenon and solid xenon
(4) Purity vs. light yield (& transparency of solid xenon if possible)

  2010 August ~ September: Test for phase-3 propoal
(1) Diffusion test for various gases -- especially H2O
(2) Test various inner glass configurations for electron drift system (3rd phase)
(3) Prepare solid xenon phase-3 proposal: for electron drift & solid xenon characteristics test

Schedule

Pre-Review

Tubing/Piping/DAQ for PMT
Top flange/Glass Chambers

Main ReviewDocumentationmid-Review

Move Lab-F setup 
to PAB
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77Summary

1. Solid Xenon Project: Phase-1 Results
 Multi-purpose detector R&D project using solid phase of xenon is just started
 Crystal clear large scale solid xenon growth is demonstrated (~850g)
 A robust prescription of growing crystal within Fermilab safety regulation is reported
 Phase-1 system has been moved from Lab-F to PAB (instrumentation is completed)

2. Solid Xenon Project : Phase-2 Proposal
 Automate the crystal growing procedure (pressure and temperature control)
 Scintillation light readout using UV sensitive PMT (simple DAQ)
 Test phase-3 (electron drift chamber) design issue

Total Budget Request 

Purchase new parts: $66,000 + (30% contingency)
Engineering & Technical support request

- Cryogenics system design: 3 hours/week
- DAQ eng&tech: 2 man weeks
- PLC controller eng&tech: 3 man weeks
- Overall general technical support: 20 man weeks 


